although the regeneration is much slower than when it takes place from the breaking joint.
The crayfish were killed and preserved at varying intervals to obtain a series of stages showing the development of the new leg" from the time the leg is thrown off until it is fully formed.
That is, a series such as, 0, 15 rains., 30 mins., 1 hr., 3 hrs., 7 hrs., 10 hrs., 12 hrs., 15 hrs., 18 hrs., 24 hrs., 32 hrs., 48 hrs., . . . 480 hrs., 492 hrs., 504 hrs.
Usually at the end of three weeks the new leg' is plainly visible to the naked eye. It consists of the norm'd number of podomeres, with the chelae well formed, but it is much smaller than the norlnal leg'. The size of the leg increases with each succeeding' moult until it attains the size of the lost leg'.
When the crayfishes were killed, the thorax was opened and placed in corosive acetic (corosive sublimate, 95 c. c. -4-glacial acetic, 5 c. c.), hardened, decalcified in nitric acid (HN03, 2 c. c. -f-H20, 98 c.c.; or 70~ alcohol, 98 c. c. 4-HN03, 2 c.e.); embedded in hard paraffine, sectioned, and stained on the slide with DELAFIELD:S Haematoxylin (differentiated with Orange G). Tiffs stains the nuclei a purplish blue, while the blood, chitin and protoplasm of the connective tissue cells are yellow.
The normal cheliped of a crayfish consists of six podomeres, each of which has an extensor and a flexor muscle. These muscles are attached to the exoskeleton of the distal podomere by a central tendon-, a plate-like ingrowth of the exoskeleton toward which all the muscular fasciculi converge. These muscles cross the joint and are inserted on the proximal podomere just back of the membrane of the joint.
The second podonlere is 1)eculiar in that it has two grooves around it, each lacking hairs and hair-pores in the exoskeleton along" these lines. When the leg is injured distal to this place, it separates by a reflex action along the proximal groove. ANDREWS1) calls this groove the breaking joint and describes it as, )>a definite plane of discontinuity in the lamellar structure of the chitinous exoskeleton at the proximal groove. Extending from the exoskeleton part of the plane of rupture there is a definite structure in the soft part of the leg, forming' a double-walled membrane extending inwards fl'om the epidermis to the central nerve and blood vessel. When the leg i~ 1} American Naturalist. Vol. XXIV. No. 278. thrown off, the distal fold is cast off with the leg while the proximal fold remains attached to the stump.
After autotomy, the edge of the chitinous exoskeleton presents a smooth surface, slightly convex and sharply cut off, entirely different fl'om the ragged edge presented when the leg is broken at any other level. Almost no bleeding" takes place, when the leg is thrown off at the breaking joint. One or two drops of blood are shed, which form a clot in the opening through which the nerve and blood vessel passed. The membrane, with the opening filled with a clot of blood, is plainly visible after the leg has been thrown off, in the crab, lobster, or large crayfish.
In the lobster and the hermit crab the opening through the membrane for the nerve and the blood vessel is in about the center of the exposed surface when the leg is thrown off, but in the crayfish the opening' is not in the center of the membrane but to one side. The membrane does not extend over this side, or if it does, it is so small a fold as to give the appearance of none.
The breaking-joint divides the second podomere into two parts, a proximal and a distal part, each of which possesses a flexor and an extensor muscle. The flexor muscle of the proximal part consists of four branches, which have their tendons attached distally on the same trunk, formed by a chitinous ingrowth of the exoskeleton slightly below the level of the breaking joint (Fig'. 3 a) , while their proximal insertions are separate. The largest bundle of fibers, belonging" to this muscle, is inserted along" the ventral edge of the posterior wall of the first thoracic segment. Another bundle is attached deeper to the lateral dorsal wall of the same segment, while the other two bundles are inserted on the wall of the first podomere of the leg. The flexor muscle is larger than the extensor nmscle, and consists of two branches each with its own attachment distally and proximally although near together. One branch has its tendon formed as an ingrowth from the ridge of the exoskeleton just beneath the breaking joint and dorsal to the hinge of the joint between the first and the second podomere, Fig. 3b . It passes as a thin bundle of fibers to the dorsal lateral wall of the first thoracic segment where it is inserted. The other bundle is thick and short. It has its tendon fonncd as an ingrowth fl'om the exoskeleton near that of the first bundle (Fig'. 3 c) , and is inserted on the wall of the first podomere of the leg. The nerve and blood vessel lie in the space between the extensor ahd the flexor muscle.
The distal portion of the second podomere also possesses an extensor and a flexor muscle although small in comparison with the other muscles of the leg. The tendon of the flexor muscle is formed as an outgrowth of two branches from the ventral wall of the third podomere, Fig. 3 e. The muscle bundles are attached along the edge of the edge of the breaking" joint at the dorsal sidc of the sccond podomere. The tendon of the extensor muscle is an outgrowth of the edge of the third podomere near that of the flexor muscle, but nearer the dorsal wall (Fig'. 3 d) . The muscle bundles partly cross those of the flexor and are inserted along the edge of the hreaking' joint at the ventral side of the podomere, As far as I have been able to make out, autotomy takes place as tbllows. A contraction of the extensor muscle of the proximal portion of the second podomere draws the leg sharply back against the carapace of the thorax. Then, probably, by a contraction of the flexor muscle of the distal portion of the second podomere, the leg" is separated along the breaking point.
That the extensor muscle is the muscle chiefly involved has been shown by MORGAN in his experiments on hermit crabs~ where he found that when this muscle was cut~ autotomy did not take place at the breaking" joint. In my experiments on both hermit crabs and crayfish, I found that cutting" this muscle would prevent autotom)'. FREDERIQUE1) has shown that autotomy is not due to a weakness at the breaking joint, but to a reflex action, and that it may be brought about by a stimulation of the thoracic ganglion as well as by a stimulation of the nerve of the leg itself. MORGAN2) has shown that section of the nerve at the base of the leg~ or proximal to the breaking joint will prevent autotomy.
It has usually been taken for granted that the breaking joint is merely a modified joint. The double fold of membrane and the plane of discontinuity in the exoskeleton have something of the structure of a joint between two podomeres. The fact that the first pair of legs or the chelipeds have only six podomeres~ while the walking legs have seven~ and also the fact that the walking legs may be thrown off, although with difficulty, at the fi'ee joint between the second and the third podomeres, seemed to add to the evidence that the breaking-joint had once been a true joint: which was no longer i~ ,Travaux du Labaratoire,,,. I---II. 1887/8. 2 Anat. Anz. XVII. 1900. used as a joint, but had become differentiated for the purpose of casting off the leg when the leg was injured.
Comparing the different thoracic leg's of a lobster, I find that the fusion of "~ joint has taken place not between the second and the third podomeres of the leg' but between the third and fourth podomeres. Figs. 1, 2 and 3 illustrate this point. Fig. i is one of the third pair of walking legs (composed of seven podomeres). The third podomerc, 3, is small and the joint between the third and the fourth podomeres does not move easily. Fig. 2 is one of the second pair of walking legs and here the joint between the third and the fourth podomeres is marked, but it is not a real joint and no movement occurs at this place. Fig. 3 is the cheliped, and here we have no sign of the joint between, the third and fourth podomerc which have fused, but we do have the breaking joint appearing in the second podomere. Here the an'angement of the muscles is not that of the joint between the third and the fourth podomeres, which have become fused. It seems therefore erroneous to state that the breaking joint corresponds to the lost joint, for in the lobster, at any rate, this is not the case.
The internal structure of the normal leg has been described above. In the crayfish, sections through the breaking joint do not show the membrane for the breaking joint as stretched completely across the stump, but as lacking on the dorsal side or very slightly invaginated and not extending inwards to the central nerve." This is not the case in the lobster Almost immediately after autotomy has taken place, the ectoderm cells of the membrane are found stretched across the opening through which the nerve and blood vessel passed, Fig. 2 , shows a section through a stump from which, the leg has been thrown off for fifteen minutes. The double layer of flat cells (E!, which form the proximal fold of the membrane have sent out a single layer (r over the opening from which the torn end of the nerve has slightly withdrawn. Small round cells, with deeply stained nuclei, appear at the broken end of the blood vessel and scattered through tile connective tissue. These blood cells (b, e) form a plug at the opening through the membrane, and collect in a thick layer just beneath the ectoderm cells (E), which form the proximal layer of the membrane of the breaking joint, as may be seen in Fig'. 3. The whole stump is filled with blood, which appears as fine granules, stained yellow, and fill up the sp.tces between the cells. The ectoderm cells, which line the exoskeleton of the leg" are seen as a columnar layer (E'), just beneath the chitin and in some sections slightly drawn away from the exoskeleton. The nuclei of these cells are larger and more granular than those of the connective tissue cells or the blood cells. These cells remain at rest for some days while tbe blood cells continue to fill up the interior of the stump. After a time these blood cells arrange themselves in horizontal lines crowded close under the ectoderm cells of the membrane, Fig. 3 . In a few hours from the time the leg was thrown off, the membrane takes on the appearance of dead tissue. This membrane, together with the blood cells beneath, serves as a protection for the broken end of the st~mp, and take no farther part in the regeneration of the new leg'. The blood cells soon degenerate as may be seen in Fig. 6 and most of them are thrown away with the membrane, when this is later cast off.
The processes, which have gone on up to this time have been a sort of preparation for the regenerative processes, which begin about five days after the leg has been thrown off. At this time the columnar epithelium {E') lining' the exoskeleton begins to push forward through the blood cells to fi)rm a single layer over the broken surface, Fig. 4 . No mitotic figures are found until after the ectoderm has fi)rmed a layer over the exposed surface. The cells push out fl'om all sides and meet near the center, thus they form a complete, one celled, layer over the broken end. Later these ectoderm cells secret chitin over their surface, and bulge outwards through the protective covering formed by the old membrane and blood cells. Fig. 5 shows a section through the proximal part of the second podomere where tim new ectoderm cells (E') have formed a layer over the broken end. The old ectoderm cell of the membrane (E) of the breaking joint together with the blood cells beneath, still form a covering over the exposed surface. The nuclei of the blood cells, Fig. 6 , within the stump are breaking up and disappearing, but at this time there are still great many of them still scattered through the connective tissue.
Shortly after the ectoderm cells h.lve ibrmed a layer across the broken end, the cells in the central part of this layer begin to proliferate forming' a thickened disc, distal to the broken end of the nerve. These cells divide by mitosis, and dividing cells are seen scattered through the proliferating part (Fig'. 7) . Many of these cells, as they are proliferated, push their way between the cells of the broken end of the nerve. Fig. 8 shows the ectoderm thickened with some of the cells pushing into the interior. A few blond cells still remain scattered through the tissue, but at this time the greater number of them have disappeared.
As the ectoderm proliferates, the new part begins to push out and soon breaks through the old membrane. A secretion of chitin is formed over the exposed surface, which secretion continues to become thicker as the new part becomes older. In some crayfish this projection of the ectoderm cells occupies in the greater part of what was the exposed surface, while in others it simply extends out from tlle central part. Fig. 9 shows a growing tip wifll the ectoderm cells everywhere proliferating and pushing into the interior. Mitotic figures (FM) are seen among the cells, which have been pushed in, as well as ~tmong those, which are still proliferating. As the cells push in they elongated, and many join to the cells of the nerve. These later differentiate, the nuclei elongating and taking the yellow stain of the nerve-sheath cells. In Fig. 10 , the pushing in of the ectoderm (E') is plainly shown, also two mitotic spindles (S) are to be seen among the proliferating cells. The ectoderm cells are forming the new nerve by adding themselves to the end of the old nerve.
As the new part of the leg grows out, it does not remain straight (Fig. 11 ) but folds in places, which will later form the joints between the podomeres.
This folding in for the joints is brought about by the pushing in of the ectoderm cells in certain places. These cells continue to secret chitin so that a thin layer of chitin surrounded by ectoderm cells, is formed extending into the interior. This pushing in takes place around the leg at the same time, a.s may be seen in Fig'. 12~ which is a section cut near the surface. This figure shows the beginning of this folding in the cells, which are differentiating to form the nerve are shown at N. Masses of ectoderm cells (me), collected beneath the invagination of the ectoderm cells, will later differentiate to form the muscles. Many mitotic figures are seen, and the cells arc proliferating throughout the growing" end. All the cells present at this time have the appearance of ectoderm cells, except those, which are forming the nerve. These are elongated and stain a deeper yellow than the other cells.
After the pushing in has gone on for some time~ a split appears along' the line of chitin extending inwards from the outer surface. This split ,)pens out and forms the fold for the joint. Although the split continues only for a short distance in the chitin, the ectoderm cells continue to grow inwards, and finally form the tendon for the muscle (Fig. 16) .
The masses of ectoderm cells, which remain in the fold formed by the ingrowth of the ectoderm increase in number by the division of the ceils already present, as well as by the addition of cells from the proliferating" ectoderm of the exoskeleton, Fig. 13 .
The ectoderm cells with their layer of chitin push in amono" these cells so that the tendon for the muscle lies surrounded by this mass of cells. After a short while these cells begin to elongate and to differentiate into muscle tissue. Fig. 14 shows such a stage in the development. The ectoderm cells of the exoskeleton have pushed in to form the tendon of the muscle, while the ectoderm cells of the inside have elongated and arranged themselves in lines extending from the ectoderln of the tendon to the ectoderm of the cxoskeleton.
These cells continue to differentiate into muscle cells to form the fasiculi, which are attached along the ectoderm of the tendon and inserted among the ectoderm cells of the cxoskeleton, Fig. 15 .
The articulations between the podomeres do not appeal" until after the muscles are formed. Shortly after the muscles are formed: the cxoskeleton, distal to the ingrowths for the tendons of the muscles, forms the hinge-joint with the membrane between secreted by the ectoderm cells, which were proliferated from the surface ectoderm.
I havecompared the regeneration of the leg of the crayfish with that of the hermit crab (thrown off by autotomy at the breaking" joint). Here almost the same development takes place. Figs. 16 and 17 show sections through the leg of the hermit crab at about the same stages in the regeneration as those represented in the crayfish by Figs. 7 and 9. The breaking joint has the same structure, except that the membrane is continued on the dorsal side, and the opening for the nerve and blood vessel is nearer the center of the membrane. The proliferation of ectoderm to produce the cells that will give rise to the new muscles takes place in the hermit crab in the same way as in the crayfish.
In closing' I wish to mention a result obtained in the hermit crab by splitting the stump of the leg lengthwise after autotomy had taken place. In several cases after splitting tim stump, two new leg's appeared in a short while. Sections through this region show that the nerve is split, one hranch going to each leg. It is probable that a new leg was developed at each end of the split nerve, since in all other cases where only one leg regenerated, the nerve shows no sign of any injury. In these cases it is probable that the nerve was not cut.
Summary.
When tile first leg' of the crayfish is thrown off at the breaking joint, no muscles are injured, and the muscles for the new leg are formed from cells proliferated by the ectoderm. Although the nerve is torn when autotomy takes place, the cells to form the new nerve (or at least the new nerve sheath), are also differentiated from cells proliferated by the ectoderm. In the hermit crab also the muscles of the new leg are fiwmed by ectodermal cells.
If, after the leg of the hermit crab has been thrown off at the breaking joint, the base is split leng'thwisc so that the nerve is divided
